Two genome duplications early in the vertebrate lineage expanded gene families, including GluN2 subunits of the NMDA receptor. Diversification between the four mammalian GluN2 proteins occurred primarily at their intracellular C-terminal domains (CTDs). To identify shared ancestral functions and diversified subunit-specific functions, we exchanged the exons encoding the GluN2A (also known as Grin2a) and GluN2B (also known as Grin2b) CTDs in two knock-in mice and analyzed the mice's biochemistry, synaptic physiology, and multiple learned and innate behaviors. The eight behaviors were genetically separated into four groups, including one group comprising three types of learning linked to conserved GluN2A/B regions. In contrast, the remaining five behaviors exhibited subunit-specific regulation. GluN2A/B CTD diversification conferred differential binding to cytoplasmic MAGUK proteins and differential forms of long-term potentiation. These data indicate that vertebrate behavior and synaptic signaling acquired increased complexity from the duplication and diversification of ancestral GluN2 genes. 
Understanding the mechanisms underlying the many forms of vertebrate behavior is a central objective of neuroscience and, although studied extensively at the cellular and circuit levels 1,2 , very little is known about the underlying molecular evolutionary events. How did genome evolution give rise to the many forms of learning, emotional behavior and motor functions and generate the subtlety of synaptic regulation that is manifest in the mammalian brain? Although basic adaptive behaviors and underlying physiological mechanisms are conserved between invertebrates and vertebrates [3] [4] [5] , it is generally accepted that vertebrates have evolved greater behavioral repertoires and more complex nervous systems [6] [7] [8] . Prior to the origins of mammals, two whole genome duplication events occurred in the vertebrate lineage (550 million years ago), resulting in four paralogs of each gene, many of which have been retained to the present day 9, 10 . Genome duplication provided substantial opportunities for early vertebrate evolution, as redundant copies of existing genes are a substrate from which new gene functions can evolve by mutation 11 . The possibility that these genomic mechanisms have helped to shape the vertebrate behavioral repertoire has been inferred [12] [13] [14] , but functional evidence of gene evolution in vertebrate behavior is sparse.
The evolutionary history of the ionotropic NMDA receptor (NMDAR) 15, 16 and its role in behavioral adaptations to environmental change, including learning 17 and anxiety 18 , make this receptor an ideal model for examining the importance of genome and protein evolution in shaping vertebrate behavior and plasticity. NMDARs are heterotetramers composed of obligatory GluN1 and regulatory GluN2 subunits organized into three regions: an N-terminal extracellular ligand-binding domain, a transmembrane spanning region forming the pore and a large cytoplasmic CTD that binds intracellular proteins 19 . Two rounds of gene duplication in a vertebrate common ancestor produced four GluN2 paralogs (GluN2A-D), which diverged during early vertebrate evolution primarily at their CTDs 15 (Fig. 1a) . The first round of duplication gave rise to two GluN2 genes (the GluN2A/B and GluN2C/D ancestors) and the second duplication gave rise to the four extant paralogs (Fig. 1a) . We focused our investigation on the GluN2A and GluN2B genes, as they share a common ancestry, are highly expressed in the adult forebrain 20 and underlie diverse behavioral functions in mammals [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] .
RESULTS
The extent of the GluN2A/B CTD divergence is illustrated by the alignment of the CTDs of GluN2A and GluN2B subunits, which reveals multiple regions of conservation and divergence in mice ( Supplementary Fig. 1) , with 60% and 89% amino acid sequence identity at the extracellular and transmembrane domains, respectively, but only 29% identify at their CTDs 15 . This suggests that, in addition to any conserved (ancestral) functions, each subunit could have substantially diversified subunit-specific functions.
a r t I C l e S
In vitro studies have identified common and unique protein interaction motifs and phosphorylation sites in mammalian GluN2A and GluN2B CTDs 34 , but cannot attribute distinct in vivo functions to them. GluN2A and GluN2B knockout mice or mutant mice that express subunits lacking the CTDs can be used to identify in vivo functions for both subunits, but cannot be used to distinguish common functions mediated by amino acid sequences conserved between GluN2A and GluN2B from unique functions mediated by amino acid sequences specific to either GluN2A or GluN2B. Moreover, whole gene mutations cannot distinguish functional divergence arising from evolution in the protein sequence from divergence arising in non-coding regulatory sequences.
Swapping the CTD of GluN2A and GluN2B in the mouse genome Previously, we hypothesized that GluN2A/B CTD protein diversification shaped the regulation of NMDAR-dependent vertebrate behaviors through the evolution of specific GluN2A and GluN2B protein functions 15, 16 . Testing the GluN2 CTD diversification hypothesis requires subtle genome engineering, such as that pioneered in the study of homeobox gene evolution 35 , in which the protein coding region of interest from one gene is removed and replaced by that of its paralog, without affecting the regulatory regions or other protein coding regions of the gene (Fig. 1b) . We adopted this strategy and, using homologous recombination in embryonic stem cells, deleted the single exon in GluN2A that encodes its CTD, replacing it with the corresponding CTD-encoding exon of GluN2B. We performed the same exon exchange on the GluN2B gene, replacing its CTD-encoding exon with that of GluN2A. We refer to these mutant alleles as the GluN2A 2B(CTR) and GluN2B 2A(CTR) alleles (CTR indicates C-terminal domain replacement; Fig. 1c,d) . In both cases, the endogenous regulatory elements, and N-terminal and transmembrane domain coding sequences were undisturbed. These mutant 150 kDa 250 kDa Figure 1 Design and generation of mouse models a phylogeny illustrating the invertebrate GluN2 and four vertebrate GluN2 paralogs (GluN2A, GluN2B, GluN2C and GluN2D). (a) Two pairs of vertebrate GluN2 genes can be identified, reflecting their evolutionary origins in the two rounds of whole genome duplication (1R, 2R) at the base of the chordate lineage ~550 million years ago (Mya). Yellow box highlights the four vertebrate GluN2 proteins. (b) Schematic depicting the homology (common origin) of the GluN2A and GluN2B subunit. The ancestral subunit to GluN2A and GluN2B was duplicated during the 2R event, creating two GluN2 paralogs that diversified into GluN2A and GluN2B. The cytoplasmic CTDs are the most divergent regions of the GluN2A and GluN2B proteins ( Supplementary Fig. 1 ). CTD regions unique to GluN2A and GluN2B are colored blue and green, respectively. CTD regions that are homologous (common) between GluN2A and GluN2B are colored red (29% of the GluN2A/B CTD amino acid sequences). For brevity, divergent regions of the GluN2A/B extracellular and transmembrane regions are not marked. The engineered GluN2A 2B(CTR) and GluN2B 2A(CTR) chimeric subunits are depicted beside the respective endogenous murine GluN2 subunits. (c) The GluN2A 2B(CTR) allele encodes a chimeric GluN2A subunit consisting of GluN2A extracellular and transmembrane regions and the GluN2B CTD. The terminal GluN2A exon that encodes the CTD was replaced with the paralogous sequence from GluN2B (target 1). The FRT-flanked Neo selection cassette was placed in the GluN2A 3′ UTR and was removed by crossing GluN2A 2B(CTR)/+ mice with CAG-FLP recombinase transgenic mice (target 2). (d) The GluN2B 2A(CTR) allele encodes a chimeric GluN2B subunit consisting of a GluN2B extracellular and transmembrane regions and the GluN2A CTD. The terminal GluN2B exon that encodes the CTD was replaced with the paralogous sequence from GluN2A (target 1 a r t I C l e S mice were then analyzed in a range of behavioral, electrophysiological and biochemical assays involving NMDAR, and comparisons of their phenotypes (and those of the CTD deletion mice GluN2A ∆C and GluN2B ∆C ) allowed us to identify functions that arise from protein evolution in the CTD. Although standard knockout and knockin CTD deletion mice have been used to show that the GluN2 CTD is important 23, 36 , it is not known whether its functions result from protein sequence that is conserved between paralogs (ancestral to the gene duplication) or protein sequence that is unique to each subunit (diversified after duplication). Our knock-in domain swap strategy circumvents this limitation, effectively removing the unique amino acid sequence from each subunit, but leaving the conserved sequence intact. Initial breeding experiments revealed the power of this approach. GluN2B −/− and GluN2B ∆C/∆C mutations are lethal at postnatal day 1 (refs. 23,36,37) , whereas GluN2A −/− and GluN2A ∆C/∆C mice are viable 21, 23 , indicating that the GluN2B CTD is crucial for viability. We found that substitution of the GluN2B CTD with the GluN2A CTD in GluN2B 2A(CTR)/2A(CTR) mutants resulted in viable adult mice, suggesting that GluN2B's role in viability is mediated by the ancestral amino acid sequences that are common to both GluN2A and GluN2B. Similarly, GluN2B −/− and GluN2B ∆C/∆C mutants have abnormal whisker pattern development in the brainstem 36, 37 , whereas the barrel field in the somatosensory cortex of GluN2B 2A(CTR)/2A(CTR) mutants showed no obvious anatomical abnormalities (P. Kind, personal communication).
This domain swap strategy can be extended to any phenotype (single or multiple) controlled by the NMDAR and, given that we examined both the GluN2A and GluN2B genes, we were able to determine whether a particular phenotype is regulated by the same CTD when inserted into both or only one of the two GluN2 loci. For example, it could be that, for a given behavioral phenotype, the two CTDs are completely interchangeable in the GluN2A locus, but not in the GluN2B locus, indicating that CTD divergence during vertebrate evolution affected that behavior through the emergence of new functions at the GluN2B, but not the GluN2A, locus. The GluN2A 2B (CTR) and GluN2B 2A(CTR) mice are particularly useful when compared with the GluN2A ∆C and GluN2B ∆C CTD deletion mutants 23 , as it is possible to discriminate between loss-of-function and potential gain-offunction phenotypes resulting from the GluN2A 2B(CTR) and GluN2B 2A(CTR) mutants (see Supplementary Fig. 2) .
Before characterizing the behavioral roles of GluN2A and GluN2B, we asked whether the levels of protein expression and synaptic physiology were affected in the GluN2A 2B(CTR) and GluN2B 2A(CTR) mice. Immunoblots of total lysates of forebrains probed with antibodies to the N terminus revealed that GluN2A levels were the same in wildtype and GluN2A 2B(CTR) mice (Fig. 1e) and GluN2B levels were the same in wild-type and GluN2B 2A(CTR) mice (Fig. 1f) . In CA3-CA1 synapses of acutely prepared hippocampal slices, NMDAR:AMPA receptor ratios and NMDAR excitatory postsynaptic current (EPSC) decay times were unaltered between wild-type and mutant mice (Fig. 2) . Synaptic transmission (Supplementary Fig. 3 ) and pairedpulse facilitation ( Supplementary Fig. 4 ) were also normal in all of the mutant lines. These results indicate that there was no overt difference in the levels of expression of the chimeric receptors or in basal synaptic transmission, and suggest that the divergence in CTDs has not affected the ability of GluN2A and GluN2B to localize at synapses or mediate basic electrophysiological properties.
Genetic dissection of multiple behaviors
GluN2A and GluN2B are both necessary for normal performance in a wide range of behavioral procedures spanning cognitive, emotional and motor function [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] . However, the specific roles of subunit-specific CTDs in these behaviors remain unknown. We used several behavioral tests encompassing multiple forms of learning, emotional and motor behaviors to examine the GluN2A 2B (CTR) and GluN2B 2A(CTR) mutant phenotypes. Specifically, we employed a visual discrimination task, using the touchscreen operant conditioning system 38 , to probe perceptual and reversal learning 39 ( Fig. 3a-d, Supplementary Fig. 5 and Supplementary Tables 1 and 2), contextual fear conditioning to test a form of associative learning that is dependent on the hippocampus (Fig. 3e-h ), the accelerating rotarod task to test motor coordination and learning ( Fig. 3i-l Table 4 ). These behavioral assays measure eight key phenotypes, all of which require functionally intact versions of each of the GluN2A and GluN2B subunits, as we observed using GluN2A ∆C and GluN2B ∆C mice (Figs. 3 and 4 and Supplementary Tables 3 and 4) or in studies 28, [31] [32] [33] that used other mutant mouse models. We rely on published studies of GluN2B conditional homozygous knockout mutants to establish that GluN2B is necessary for a behavior when we do not see a phenotype for that behavior with GluN2B heterozygous null mutants. npg a r t I C l e S We grouped our results into three broad a priori categories: learning, emotion and motivation, and motor functions (Fig. 5) . Phenotypes were observed for each of the behaviors, suggesting that the GluN2A/B CTDs are involved in all of them. As observed in the GluN2A ∆C and GluN2B ∆C deletion mutants, both the GluN2A and GluN2B subunits contribute to each of these behaviors, but, for the , GluN2A ∆C/∆C and GluN2B +/∆C mice, as measured by performance in a contextual fear conditioning task. Left, freezing over a 150-s period before unconditioned stimulus presentation (shock) on training day, and for 180 s on testing 24 h after training. Right, freezing over 300 s of testing. There were no significant effects in baseline freezing on training days for any mutant (data not shown). *P < 0.05. (e) GluN2A 2B(CTR)/2B(CTR) mice (n = 21) showed equivalent freezing to GluN2A +/+ controls (n = 22) (t 41 = 0.43, P = 0.1). (f) GluN2B 2A(CTR)/2A(CTR) mice (n = 21) showed equivalent freezing to GluN2B +/+ controls (n = 19) (t 38 = 1.7, P > 0.1). (g) GluN2A ∆C/∆C mice (n = 11) showed significantly less freezing than GluN2A +/+ controls (n = 19) (t 28 = 2.2, P < 0.05). (h) GluN2B ∆C/+ mice (n = 15) showed equivalent freezing to GluN2B +/+ controls (n = 10) (t 23 = 0.14, P > 0.8). (i-l) Motor learning and coordination of GluN2A 2B(CTR)/2B(CTR) , GluN2B 2A(CTR)/2A(CTR) , GluN2A ∆C/∆C and GluN2B +/∆C mice, as measured by performance in the accelerated rotarod. Performance was measured as average latency to fall (s) over eight morning trials (1-8) and eight afternoon trials (9) (10) (11) (12) (13) (14) (15) (16) . Motor learning deficits were determined by significant interactions of trial and genotype for each session. (i) We found no difference in motor coordination between GluN2A 2B(CTR)/2B(CTR) mice (n = 20) and GluN2A +/+ controls (n = 21) (F 1,39 = 0.01, P > 0.9), but did find a significant interaction of trial and genotype for the first session (trials 1-8) (F 7,273 = 2.1, P < 0.05)-although this was due to enhanced performance on initial trials-but not in the second session (trials 9-16) (F 5.4,208.7 = 1.5, P > 0.1). (j) GluN2B 2A(CTR)/2A(CTR) mice (n = 21) showed impaired motor coordination relative to GluN2B +/+ controls (n = 19) (F 1,38 = 5.1, P < 0.05), but an equivalent rate of improvement across both the first (F 4.5,171.5 = 0.65, P > 0.6) and second (F 7,266 = 0.4, P > 0.9) sessions. (k) GluN2A ∆C/∆C mice (n = 11) showed impaired motor coordination relative to GluN2A +/+ controls (n = 19) (F 1,28 = 20.1, P < 0.0001) and showed reduced motor learning for the first session (F 7,196 = 2.1, P < 0.05), but not for the second session (F 4.6,130 = 0.7, P > 0.5). (l) GluN2B +/∆C mice (n = 15) showed impaired motor coordination relative to GluN2B +/+ controls (n = 10) (F 1,23 = 6.8, P < 0.02) and a nonsignificant trend toward impaired motor learning over both the first (F 7,161 = 1.5, P > 0.1) and second (F 3.5,80.2 = 1.6, P > 0.1) sessions. All data are mean±s.e.m. npg a r t I C l e S reasons noted above, this does not allow one to conclude that the contribution that they each make is a result of their unique CTD protein sequence. This issue was resolved by the GluN2A 2B(CTR) and GluN2B 2A(CTR) mutants. Six of the eight deletion phenotypes were substituted by the CTD from GluN2B (Fig. 5) . This indicates that, for these six phenotypes, the functional contribution made by the GluN2A CTD results from protein sequence that is also present in the CTD of GluN2B. The failure of this experiment to substitute the other two phenotypes (impulsivity and locomotor activity) shows a functional dissociation of the CTDs, accounted for by divergence in protein sequence. This evidence of conservation and divergence of CTD function is even more notable when one examines the GluN2B gene. Of the eight tested behaviors, four showed marked phenotypes in the GluN2B 2A(CTR) mice and four phenotypes were substituted. These data provide evidence for both divergence and conservation of behavioral roles of the CTD of GluN2A and GluN2B.
Because we have measured eight behavioral phenotypes with these mutant mice, we can group the data and learn about the genetic underpinnings of each behavior and how they may relate to each other. We defined four possible categories of behavioral phenotype: two-way substitution behaviors (those in which one CTD can replace the other in both genes; that is, A can substitute for B and vice versa), two classes of one-way substitution behaviors (those in which the CTD of one gene can replace the CTD of the other gene, but not vice versa; that is, A can replace B but B cannot replace A, or B can replace A but A cannot replace B) and no-way substitution behaviors (those in which the other CTD cannot replace the function for either subunit). Individual behaviors fell into each of these four categories (Fig. 6) . The two-way substitution category (representing those behaviors that are necessarily regulated by ancestral sequences that are conserved in both CTDs) included three of the eight behaviors: reversal learning, associative learning and motor learning. The other five behaviors were subject to regulation resulting from divergence between the two CTDs during early vertebrate evolution. Locomotor activity was the only behavior that fell into the A to B substitution group, and therefore requires CTD regions unique to GluN2A. Three behaviors fell into the B to A Figure 4 Emotion, motivation and motor behavior. (a) GluN2A 2B(CTR)/2B(CTR) mice (n = 21) showed normal anxiety behavior relative to GluN2A +/+ controls (n = 22) (t 41 = −1.49, P > 0.1). (b) GluN2B 2A(CTR)/2A(CTR) mice (n = 21) showed significantly less anxiety than GluN2B +/+ controls (n = 19) (U = 70.5, P < 0.001). (c) GluN2A ∆C/∆C mice (n = 11) showed significantly less anxiety than GluN2A +/+ controls (n = 19) (U = 44.5, P = 0.01). (d) GluN2B +/∆C mice (n = 15) showed normal anxiety relative to GluN2B +/+ controls (n = 10) (t 23 = 0.5, P > 0.6). (e-h) Motor activity measured as total distance travelled (cm) in the open field over a 5-min period. (e) GluN2A 2B(CTR)/2B(CTR) mice (n = 13) showed significantly more motor activity than GluN2A +/+ controls (n = 14) (t 25 = −2.5, P < 0.05). (f) GluN2B 2A(CTR)/2A(CTR) mice (n = 21) showed normal motor activity relative to GluN2B +/+ controls (n = 19) (t 29.9 = 0.18, P > 0.8).
(g) GluN2A ∆C/∆C mice (n = 11) showed significantly more motor activity than GluN2A +/+ controls (n = 19) (t 28 = −3, P < 0.01). (h) GluN2B +/∆C mice (n = 15) showed significantly more motor activity than GluN2B +/+ controls (n = 10) (t 23 = −3.5, P < 0.005). (i-l) Impulsivity measured as latency to first enter the inner zone of the open field (s). (i) GluN2A 2B(CTR)/2B(CTR) mice (n = 13) showed significantly more impulsivity than GluN2A +/+ controls (n = 14) (U = 41, P < 0.05). (j) GluN2B 2A(CTR)/2A(CTR) mice (n = 21) showed significantly more impulsivity than GluN2B +/+ controls (n = 19) (U = 95, P < 0.005). (k) GluN2A ∆C/∆C mice (n = 11) showed significantly more impulsivity than GluN2A +/+ controls (n = 19) (t 28 = 2.4, P < 0.05). (l) GluN2B +/∆C mice (n = 15) showed normal impulsivity relative to GluN2B +/+ controls (n = 10) (t 23 = 1.4, P > 0.1). *P < 0.05. All data are mean±s.e.m. The NMDAR-dependent behavioral repertoire investigated was grouped into three boxes encompassing learning behavior (purple), emotion and motivation (beige), and motor behavior (orange). Four forms of learning behavior were assayed: perceptual, reversal, associative and motor. Anxiety and impulsivity measures were used to study emotional and motivational function. Motor coordination and motor activity were used to study basic motor function. The behavioral assays that we employed included touchscreen-based visual discrimination (TS-V), touchscreen-based reversal learning (TS-R), contextual fear conditioning (CFC), accelerating rotarod (RR), elevated plus maze (EPM) and open field (OF). Shaded boxes denote loss-of-function mutant phenotypes for a given measure and white boxes denote normal behavior in mutants. All eight behavioral phenotypes that we considered required both GluN2A and GluN2B. Genetic disruption of either GluN2A or GluN2B resulted in impairments in all eight of the behavioral measures. The GluN2A 2B(CTR)/2B(CTR) mice showed loss-of-function phenotypes only for impulsivity and activity. The GluN2B 2A(CTR)/2A(CTR) mice showed loss-of-function phenotypes for perceptual learning, anxiety, impulsivity and motor coordination. npg a r t I C l e S substitution group: perceptual learning, anxiety and motor coordination, therefore requiring CTD regions unique to GluN2B. Impulsivity was the only behavior that we studied that was subject to the most divergent regulation, requiring CTD regions unique to both GluN2A and GluN2B. It is worth noting that impulsivity did not fall into the same cluster as reversal learning, indicating a dissociation that is consistent with the view that reversal learning impairments can reflect compulsive, rather than impulsive, behavior 40 . These data indicate that the GluN2A and GluN2B CTDs are multifunctional domains regulating multiple behavioral functions, some of which are conserved and others of which are divergent between these two vertebrate paralogs.
Differential regulation of synaptic signaling Our behavioral data revealed that different forms of learning, all of which were NMDAR dependent, could be regulated by genetically separable functions of the CTDs of GluN2A and GluN2B. To explore the possibility that the CTDs also contribute to the regulation of different forms of synaptic plasticity, we tested long-term potentiation (LTP) in the acute hippocampal slice preparation. Consistent with previous findings 23, 41, 42 , the CTD of GluN2A was required for generation of LTP in GluN2A ∆C/∆C mice (Fig. 7a) . We also found that the CTD of GluN2B was important for LTP, as potentiation was reduced in slices from heterozygous GluN2B ∆C deletion mutant mice (Fig. 7b) . In contrast, using the same stimulation protocol, we found that LTP was normal in GluN2A 2B(CTR)/2B(CTR) mice (Fig. 7c) and enhanced in GluN2B 2A(CTR)/2A(CTR) mice (Fig. 7d) . This prompted us to use another stimulation protocol (theta pulse stimulation, TPS). Again, LTP was normal in GluN2A 2B(CTR)/2B(CTR) mice (Fig. 7e) , but was reduced in GluN2B 2A(CTR)/2A(CTR) mice (Fig. 7f) . These results indicate that the CTD of GluN2B has diversified from the GluN2A CTD to provide selective functions for detecting and discriminating the patterns of neuronal activity that induce different forms of LTP. In addition, CA3-CA1 long-term depression was unaffected in both GluN2A 2B(CTR)/2B (CTR) and GluN2B 2A(CTR)/2A(CTR) mice (data not shown). Differential functions of the CTDs may reflect their differential association with intracellular signaling proteins. Of particular interest are the MAGUK (membrane-associated guanylate kinase) family proteins, which are important for the assembly of signaling complexes with NMDAR 43 and modulate many forms of synaptic plasticity 44, 45 . In vitro experiments have shown that GluN2A and GluN2B both interact with PSD-95 via their conserved terminal residues (-ESDV) 46 , but the relative interactions between GluN2A, GluN2B and MAGUK in vivo remain unclear. We immunoprecipitated NMDAR complexes from GluN2A 2B(CTR)/2B (CTR) and GluN2B 2A(CTR)/2A(CTR) mouse forebrains, and examined the association of PSD-95 and PSD-93 by western blotting (Fig. 7) . The composition of the complexes was markedly altered in the mutant mice: the amount of co-immunoprecipitated PSD-95 and PSD-93 was increased in GluN2A 2B(CTR)/2B(CTR) mice and decreased in GluN2B 2A(CTR)/2A (CTR) mice. This indicates that the CTD of GluN2B preferentially interacts with these MAGUK proteins in the mouse brain, which suggests that GluN2 subunit-specific protein complexes may exist.
DISCUSSION
Using an approach designed to experimentally test the role of gene evolution in shaping vertebrate behavior, we analyzed vertebrate GluN2A and GluN2B CTD function in vivo. We found that evolution in the sequence of a single exon encoding the cytoplasmic domain of a neurotransmitter receptor has contributed to the regulation of vertebrate behavior and synaptic signaling. We used an extensive battery of behavioral tests, together with two GluN2A alleles and two GluN2B alleles, to identify for the first time, to the best of our knowledge, unique behavioral and plasticity functions of the GluN2A and GluN2B subunits and to separate the pleiotropic roles of the CTDs of these subunits. Our strategy also allowed us to identify four groups of behaviors, each with distinct regulation arising from gene evolution ( Supplementary  Fig. 6 ). The GluN2A and GluN2B CTDs were able to substitute for each other in the regulation of reversal learning, associative learning and motor learning, indicating that their roles in these forms of learning have been conserved from before the genome duplication event that occurred ~550 million years ago. In contrast, we identified unique functions of the GluN2A CTD (regulation of locomotor activity and impulsivity) and the GluN2B CTD (regulation of perceptual learning, anxiety, impulsivity and motor coordination), which must have arisen as a result of protein diversification after the duplication event.
Our analysis of multiple behaviors revealed that the overall vertebrate repertoire was shaped partly as a result of the duplication and diversification of a single protein domain. This suggests that the adaptive value of gene evolution in behavior lies in the changes to the overall repertoire and not in any single phenotype. Notably, the only behavior that was regulated by diversification in both GluN2A and GluN2B was impulsivity. Moreover, anxiety and motor activity required a unique amino acid sequence from either the GluN2A or GluN2B CTD. This leads us to infer that the protein sequences controlling emotional and motivational behavior were less constrained by natural selection than those sequences that regulate learning behaviors, as three of the four learning behaviors that we studied did not require an amino acid sequence unique to either GluN2A or GluN2B. Thus, greater regulation of emotional and motivational behavior may have conferred an adaptive advantage on early vertebrates. Further research will be required to test whether the behavioral phenotypes differentially regulated by the GluN2A and GluN2B CTDs co-evolved as a group of linked behavioral functions or arose and evolved independently.
The learning, emotional and motor behaviors that we studied are fundamental animal behaviors that can be observed in simple forms even npg a r t I C l e S in invertebrate species. Our genetic dissection approach revealed that, during vertebrate evolution, these behaviors acquired distinct forms of regulation, with the overall result of increasing the complexity of vertebrate behavior. In principle, this complexity may have allowed vertebrates to adapt to a more complex range of environments and contingencies.
Our results are consistent with and extend the conclusions of a companion study in which mutations in the family of MAGUK proteins were studied in mice and humans 47 . The results of both studies show that differential regulation of simple and complex behaviors arose in two families of postsynaptic signaling proteins that were expanded by genome duplication and paralog diversification. Moreover, the GluN2 proteins directly interact with the MAGUK proteins, and we found that there was specificity between the pairs of GluN2 and MAGUK interactions in vivo, establishing the fact that paralog diversification led to differential organization and diversity of postsynaptic signaling complexes. Given that human genetic variants of GluN2A and GluN2B have recently been associated with mental retardation, epilepsy and . n represents the number of slices that we used and N represents the number of mice. npg a r t I C l e S autism [48] [49] [50] , the specific GluN2A/B protein functions that we identified should be useful for investigating the etiology of these diseases.
METhODS
Methods and any associated references are available in the online version of the paper. Rotarod. Mice were run concurrently in individually contained rotorod apparatuses (EZ-ROD with the spindle bar set to 35 cm high (outer dimensions: 17 inches (length) × 5.5 inches (width) × 20.0 inches (height); Accusan Instruments). All mice were run through two sessions, the first in the morning and the second in the afternoon of the same day, with 3 h minimum between the two sessions. Each session consisted of eight consecutive trials. The inter-trial interval was kept at a maximum of 30 s. Each trial began with the rotarod rotating at 10 rpm and accelerating through the trial to a maximum speed of 48 rpm at 300 s.
contextual fear conditioning. On the day of training, individual mice were run in parallel, in one of four fear conditioning boxes. An unconditioned stimulus (electrical shock) was paired with two conditioned stimuli: the context of the training box and an auditory cue. A tone was used as the auditory cue and was calibrated to be between 83 and 86 dB, and was a 300-Hz continuous tone. The tone was played three times, 30 s each time, starting at 120 s, 220 s and 320 s into the trial. For the last 2 s of each tone, we applied a 0.45-mA shock to the electrified grid floor (start times of 148, 248 and 348 s). The total duration of the training trial is 420 s. Touchscreen-based operant system. Experiments were conducted as described previously 28 . The apparatus consisted of an infrared touchscreen (Craft Data) and a standard modular testing chamber housed in a sound-attenuating box. Nose pokes to the stimuli were detected by the touchscreen and recorded by the MouseCat software. Mice were food deprived and maintained at 85% of their free-feeding body weight at all times.
Visual discrimination. Following all stages pre-training 28 , each mouse was presented with two novel visual stimuli in the two windows of the screen (Supplementary Fig. 5) . A response to one of the two stimuli (positive stimulus) resulted in a single food pellet reward, and a response to the other stimulus (negative stimulus) resulted in a 5-s (house) lights out punishment (as for touching the blank screen during the third pre-training phase). The stimuli remained on the screen until a response was made. The 'fan' symbol was designated as the positive stimulus, and the 'marbles' symbol as the negative stimulus. Left-right presentation of the positive stimulus was pseudo-randomized. There were 30 trials given per session and a 5-s inter-trial interval. Each session had a maximum time of 1 h. On reaching a criterion of 80% correct trials (excluding correction trials) on two consecutive sessions, a given mouse immediately progressed to reversal learning on the following day.
Reversal learning. For reversal learning, the reinforcement contingencies were reversed. Each reversal session consisted of 30 trials. Each animal was run for 20 sessions of reversal regardless of their performance.
Second visual discrimination. During the second, more difficult visual discrimination, mice were presented with the novel visual stimuli shown in Supplementary Figure 5 . All other parameters were identical to the first visual discrimination, except an acquisition criterion of 70% correct trails (excluding correction trials) on each of two consecutive sessions was applied.
Behavioral statistical analysis. All behavioral data was analyzed using the Statistics Package for Social Scientists (SPSS) software package, version 13.03.2. Graphs were prepared using GraphPad Prism 4. Throughout the study, independent samples t tests were carried out with genotype as the between subjects factor. In all cases, the normality of the data was first tested by the Shapiro-Wilk test. In cases in which the data was normally distributed, the P value for the t test was reported. In all such cases, Levene's Test for Equality of Variances was observed. In cases in which the data was not normally distributed, the nonparametric Mann-Whitney U test was applied. Repeated-measures ANOVA was used to assess latency to fall over repeated trials in the rotarod. In all cases, the between subject factor was genotype and the appropriate within subjects factor was used (trial, bin, session). When reporting within-subjects effects by repeated-measures ANOVA, Mauchly's Test of Sphericity was observed. Data are presented as mean ± or s.e.m. A critical value for significance of P < 0.05 was used throughout the study.
